Near-field radiative heat transfer (NFRHT) between dissimilar materials supporting surface polaritons in the infrared is of critical importance for applications such as photonic thermal rectification and near-field thermophotovoltaics. Here, we measure NFRHT between millimetersize surfaces made of 6H-SiC and doped Si, respectively supporting surface phonon-polaritons (SPhPs) and surface plasmon-polaritons (SPPs) in the infrared, separated by a 150-nm-thick vacuum gap spacing maintained via SiO2 nanopillars. For purpose of comparison, measurements are also performed between two doped Si surfaces. The measured radiative flux is in good agreement with theoretical predictions based on fluctuational electrodynamics. A flux enhancement beyond the blackbody limit of ~ 8.2 is obtained for the SiC-Si sample, which is smaller than the enhancement for the Si-Si sample (~ 12.5) owing to the spectral mismatch of the SiC and Si light lines, and SPhP and SPP resonances. However, due to lower losses in SiC than Si and weaker SPhP-SPP coupling than SPP coupling, the near-field enhancement for the SiC-Si sample exhibits a more pronounced monochromatic behavior with a resonant flux that is ~ 5 times larger than the resonant flux for the Si-Si sample. This work demonstrates that it is possible to modulate NFRHT via surface polariton coupling, and will accelerate the development of energy 2 conversion and thermal management devices capitalizing on the near-field effects of thermal radiation between dissimilar materials. KEYWORDS: near-field radiative heat transfer, radiative flux measurement, dissimilar materials, coupled surface phonon-and plasmon-polaritons, silicon carbide, doped silicon 3 Near-field radiative heat transfer (NFRHT), arising when heat sources are separated by subwavelength gap spacings, can significantly exceed Planck's blackbody limit owing to tunneling of evanescent waves. 1-6 These evanescent waves include broadband frustrated modes and narrowband surface polaritons that can lead to quasi-monochromatic radiative flux. 7 Many potential applications of NFRHT, such as near-field thermophotovoltaics, 8-12 photonic thermal rectification 13,14 and flux modulation, 15 capitalize on the coupling of surface polaritons between dissimilar materials. Measurements of NFRHT between dissimilar materials in the microsize sphere-surface (SiO2-Si, 16 SiO2-Au 17 ) and microsize mesa-surface (SiO2-Au, 18 Si- VO2 14 ) configurations have been performed. However, from an application standpoint, the ability to demonstrate NFRHT between macroscale surfaces (~ mm 2 ) is critical, since the heat transfer rate is not only proportional to the near-field enhancement of the radiative flux, but also to the size of the surfaces. NFRHT measurements between macroscale surfaces made of the same materials, namely Si, [19] [20] [21] [22] SiO2, 23-27 Al2O3, 28 Al, 29 graphene, 30 graphene-covered SiO2 31 , and metallodielectric multilayers 32 have been reported. Only Ito et al. 33 measured NFRHT between macroscale surfaces made of dissimilar materials (VO2-SiO2), but the vacuum gap spacing of 370 nm was too large for NFRHT to be dominated by coupled surface polaritons.
(b) shows a schematic of the setup used to perform NFRHT measurements. The temperature difference between the emitter and receiver is maintained via two thermoelectric (TE) modules. The top TE (Custom Thermoelectric, 00701-9B30-22RU4) acts as a heater by providing a heat rate Q to the sample, which is the sum of the power supplied by the TE, Ph, and the power into the TE, Qin. The experiments are performed under vacuum conditions, such that the contribution of Qin, due to thermal emission by the walls of the vacuum chamber, is negligible compared to Ph. The bottom TE (TETechnology, VT-31-1.0-1.3) is used to maintain the receiver at a temperature of ~ 300 K by directing heat towards a large Cu heat sink. The total heat rate flowing in the sample, Q, includes NFRHT between the emitter and receiver across the vacuum gap spacing, Qrad, and conduction heat transfer through the SiO2 nanopillars, Qcond, characterized by a thermal conductivity of 1.3 Wm -1 K -1 at room temperature. 34 The heat rate, Q, is measured via a heat flux meter (Fluxteq, PHFS-JD10) located between the receiver and the TE cooler. To ensure a uniform heat flux across the surfaces, the heat flux meter is surrounded by two, 500-µm-thick Cu heat spreaders. The high and low temperatures, Th and Tl, are measured via two thermistors (Selco, LSMC700A010KD002) that are embedded inside two 500-µm-thick Cu heat spreaders adjacent to the emitter and receiver. Note that all layers in the experimental setup have surface areas of 5 ´ 5 mm 2 , except the heat flux meter (and the surrounding Cu heat spreaders) and the TE cooler that are characterized by surface areas of 10 ´ 10 mm 2 and 14 ´ 14 mm 2 , respectively.
Although not shown in the schematic, thermal grease (Arctic Silver Ceramique 2) is applied to all interfaces in order to minimize the thermal contact resistances. In addition, a force is applied on the TE heater via a calibrated 10-g-mass to further reduce the thermal contact resistances. The temperatures adjacent to the vacuum gap spacing, Te and Tr, needed for the theoretical predictions of NFRHT and conduction through the nanopillars are retrieved via the temperatures measured 6 with the two thermistors, Th and Tl, the measured thermal resistance of the grease at the emitter-Cu and receiver-Cu interfaces, Rg, and the thermal resistances of the emitter, Re, and receiver, Rr (see the equivalent thermal circuit in Figure 1(c) ). The measured thermal resistance of the grease is less than ~ 6.2 K/W, 35 while the thermal resistances by conduction of the SiC (thermal conductivity of 490 Wm -1 K -1 ) 36 and Si (thermal conductivity of 150 Wm -1 K -1 ) 36 substrates are respectively ~ 0.026 K/W and ~ 0.14 K/W. The thermal resistances of the emitter and receiver are thus negligibly small compared to the thermal resistances of the grease and of the vacuum gap spacing that includes NFRHT between the emitter and the receiver and conduction through the SiO2 nanopillars. For a 150-nm-thick gap spacing, and emitter and receiver temperatures of 370 K and 300 K, the thermal resistance in the gap spacing is ~ 571 K/W. As such, the temperatures across the emitter and receiver are assumed to be uniform, as Te and Tr are retrieved from Th and Tl using solely the thermal resistance of the grease. The heat flux meter has been calibrated by measuring the thermal resistance of 1.1-mm-thick borosilicate glass having a known thermal conductivity of 0.94 Wm -1 K -1 . 21 All experiments have been conducted in a vacuum chamber with a pressure of ~ 10 -4 Pa under a class 1000 clean room tent.
RESULTS AND DISCUSSION
The radiative flux qrad plotted in Figure 2 as a function of the temperature difference, DT = Te -Tr, is retrieved by dividing the heat rate due to NFRHT Qrad, obtained by subtracting conduction through the SiO2 nanopillars Qcond from the measured heat rate Q, by the sample surface area. The results are compared against fluctuational electrodynamics predictions and the radiative flux between two blackbodies (see Methods for radiation and conduction calculations). The colored bands of theoretical predictions are calculated based on the nanopillar height, sample bow and Si doping level (see SI Section 3 for uncertainty analysis). The measured radiative flux is in good agreement with fluctuational electrodynamics predictions for both the SiC-Si and Si-Si samples.
The unprocessed measured heat rate, Q, which include NFRHT across the vacuum gap spacing and conduction through the SiO2 nanopillars as a function of the temperature difference, DT, is provided in SI Section 3 ( Figure S6 ). For both samples, the heat rate Q is largely dominated by NFRHT. For a temperature difference of 70 ± 3 K, the relative contribution of conduction through the SiO2 nanopillars, Qcond, to the overall measured heat rate, Q, takes maximum and minimum values of 17.6% and 12.7% for the SiC-Si sample, and 12.4% and 8.9% for the Si-Si sample.
The measured radiative flux for the SiC-Si and Si-Si samples respectively exceeds the blackbody limit by factors of ~ 8.2 and ~ 12.5 for a temperature difference of 70 ± 3 K. The physics underlying the near-field enhancement is explained by analyzing the radiative flux in transverse magnetic (TM) and transverse electric (TE) polarizations per unit angular frequency, w, and per unit parallel wavevector, kr, for a temperature difference of 70 K (see Figure 3 ). The vacuum light line (kr = k0), the material light line ( , where ej is the dielectric function of medium j), and the surface polariton dispersion relation are shown in Figure 3 (see Methods for calculation of the material light line and surface polariton dispersion relation). Note that surface polariton dispersion relations are shown only in TM polarization, since these modes can only be excited in that polarization state for non-magnetic materials. 37 For the Si-Si sample, the contribution of propagating modes (kr < k0), propagating in both Si and vacuum, is modest and accounts for ~ 4.8% of the total radiative flux. Frustrated modes (k0 < kr < In that case, propagating modes cannot contribute to NFRHT when the parallel wavevector kr is smaller than k0 but larger than as these modes cannot propagate in SiC. In the rest of the Reststrahlen band, propagating modes do not contribute to the radiative flux due to the highly metallic behavior of SiC (real part of the dielectric function is negative). This can be seen in Figure 3 for the TE polarization state and in Figure 4 modest manner as they account for ~ 10.5% of the total radiative flux.
As for propagating modes, frustrated modes are not supported in the spectral band where the parallel wavevector simultaneously satisfies kr < k0 and kr > . Outside that spectral band, frustrated modes are limited to kr = min ( , ) . Note that between frequencies of ~ 1.2 ´ 10 14 to 1.4 ´ 10 14 rad/s, the radiative flux due to frustrated modes is non-zero for kr values slightly exceeding min( , ); this is better seen in TE polarization in Figure 3 where 
CONCLUSIONS
In summary, this work experimentally investigated NFRHT between dissimilar materials made of 5 ´ 5 mm 2 6H-SiC and doped Si surfaces respectively supporting SPhPs and SPPs in the infrared. resulting from surface polariton coupling between dissimilar materials demonstrates the ability of controlling NFRHT, which is critical for many applications such as photonic thermal rectification and near-field thermophotovoltaics.
METHODS

Radiation and conduction calculations.
In the radiation calculations, the emitter and receiver are modeled as semi-infinite layers. Using fluctuational electrodynamics, 38 the contributions of propagating, frustrated, and surface polariton modes to the total (i.e., spectrally integrated) radiative flux between the emitter (e) and the receiver (r) are respectively calculated as follows:
(1)
where the subscript 0 refers to vacuum, g denotes the polarization state (TE or TM), and kz0 is the component of the vacuum wavevector perpendicular to the surfaces. The mean energy of an electromagnetic state, Q(w,T), is given by: 
where is the reduced Planck constant (= 1.055 ´ 10 -34 Js) and kB is the Boltzmann constant (= 1.381 ´ 10 -23 J/K). In Eqs. (1)-(3), is the Fresnel reflection coefficient at the vacuum-material interface. The Fresnel reflection coefficients in TE and TM polarizations are respectively calculated following:
where ej is the dielectric function of medium j. The temperature-dependent dielectric function of 6H-SiC is expressed as 39,40 :
where the damping factor G takes a constant value of 1.036 ´ 10 12 rad/s. The temperaturedependent high-frequency dielectric constant , longitudinal optical phonon frequency , and the transverse optical phonon frequencies are respectively given by:
rad/s (10) Note that 6H-SiC is described by anisotropic optical properties. However, since the temperaturedependent dielectric functions in the directions along the extraordinary and ordinary axes are very The temperature-dependent dielectric function of doped Si is described by a Drude model 41, 42 :
where = 11.7 is the high-frequency dielectric constant. The plasma frequency wp and scattering rate g are respectively calculated as follows:
where Nh is the temperature-dependent hole concentration, e is the electron charge, is the hole effective mass, is the vacuum permittivity, and is the temperature-dependent mobility. The temperature-dependent expressions for the hole concentration and mobility can be found in Refs.
and 42.
When both the emitter and receiver are modeled as blackbodies, the total radiative flux is calculated via:
where the spectral blackbody intensity is defined as:
Steady-state, one-dimensional conduction heat transfer through the nanopillars separating the emitter and receiver is assumed. This is justified by the fact that the nanopillar temperature parallel 
to the emitter and receiver surfaces is nearly uniform. The heat rate by conduction is estimated from Fourier's law where the temperature in the nanopillars varies linearly in the direction normal to the emitter and receiver surfaces:
where k is the thermal conductivity of the SiO2 nanopillars, N is the number of nanopillars, and A is the contact area between a nanopillar and the emitter/receiver. The contact area A is assumed to be equal to the nanopillar cross-sectional area. A temperature-independent thermal conductivity of 1.3 Wm -1 K -1 is used in the calculations for SiO2. 34 The total heat rate flowing through a sample Q, due to NFRHT across the vacuum gap spacing and conduction through the SiO2 nanopillars, is calculated by multiplying the sum of Eqs. (1), (2) 
From Eq. (17), it is concluded that the maximum parallel wavevector beyond which waves cannot propagate in medium j is , which corresponds to the material light line. Care must be taken when evaluating the material light line, as the left-hand side of the last equality is a pure real number while the right-hand side is complex. As such, the material light can be approximated by taking the magnitude of the right-hand side of the equality to ensure that the parallel wavevector is a pure real number 43 :
In the limit that losses are negligible in medium j, Eq. (18) reduces to , which is the expression that is typically used for calculating the material light line 7 .
It is important to emphasize that it is impossible to perfectly define the material light line when there are losses in medium j. In this work, Eq. SiC and Si are temperature dependent, these modes are calculated for an emitter temperature of 370 K and a receiver temperature of 300 K. In the electrostatic limit where kr >> k0, the antisymmetric and symmetric modes converge to a single resonant frequency. The resonant frequencies of single SiC-vacuum 45 and Si-vacuum 37 interfaces are respectively given by:
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Steps detailing sample fabrication, gap spacing estimation, and uncertainty analysis. The key steps for manufacturing the SiO2 nanopillars separating the emitter and receiver are summarized in Figure S1 and are described below:
1. A SiO2 film is grown on a doped Si substrate (diameter of 100 mm) using a wet thermal oxidation in a furnace at 950ºC for 51 minutes.
2.
A layer of nLOF 2020 negative photoresist (PR) is spin coated onto the SiO2 film with a spin speed of 2000 RPM (acceleration of 500 RPM/s) for a duration of 60 seconds.
3. The nLOF 2020 is patterned by first exposing it to UV radiation shadowed by a photomask. The nLOF 2020 is then developed.
4. The SiO2 nanopillars are patterned using a CF4O2 reactive ion etch (RIE).
5.
The masking nLOF 2020 layer is removed using a Kwik strip bath at 100ºC followed by rinsing with acetone, isopropanol (IPA), and deionized (DI) water.
6. To avoid debris on the surface when dicing, a thick protective AZ 9260 PR layer (~ 10 to 15 µm) is deposited onto the wafer, and dicing tape is then adhered onto the protective layer.
Subsequently, the wafer is diced into 5 ´ 5 mm 2 substrates using a Disco Dad641 dicing saw.
Lastly, the diced surfaces are sonicated in acetone for ~ 5 min to remove the AZ 9260 PR layer and tape.
SiO2 film thicknesses of 150 nm were measured via interferometry prior to RIE. As profilometry measurements demonstrate ~ 150-nm-tall nanopillars after etching (see SI Section 2), it is assumed that the gap spacing is maintained via nanopillars made exclusively of SiO2.
The samples were carefully cleaned prior to performing near-field radiative heat transfer (NFRHT) experiments. The doped Si and 6H-SiC surfaces were first sonicated in acetone and IPA for 5 minutes and subsequently dried using a nitrogen blow gun. This was followed by careful inspection in a microscope (Olympus MX51). If a large amount of contaminants was detected, the surfaces were cleaned using solutions of piranha (H2O2:H2SO4 = 1:3) and standard clean 1 (H2O:H2O2:NH4OH = 5:1:1 at 80°C) followed by spraying with acetone, IPA, and DI water. Only the spray cleaning procedure was utilized if a few particles were on the sample surfaces. Particles near edges of the surfaces can only be removed by using cleanroom wipes. Therefore, surface cleaning typically required iterations involving the aforementioned solutions/spray/wipe method and surface contaminant detection in the microscope. Once no visible particles were detected in the microscope, the receiver surface was placed in the vacuum chamber and aligned manually with the emitter. Specifically, the emitter was deposited onto the SiO2 nanopillars without applying any external pressure and its position was slightly adjusted until it aligned well with the receiver.
Note that not all surfaces can be pristine, even when using the extensive cleaning procedure described above. Surfaces with even a single, small particle observed under the microscope typically resulted in invalid experimental results. Conversely, when NFRHT measurements were performed using clean surfaces (i.e., no visible particles were detected), a good agreement between experimental data and theoretical predictions were typically obtained.
Gap spacing estimation
The gap spacing between the emitter and receiver is determined based on the measured nanopillar heights and simulations for estimating the nanopillar and surface deflections.
The nanopillar heights are measured using a Tencor P-20H profilometer. Since profilometry measurements demonstrate that the nanopillar heights for both the SiC-Si and Si-Si samples are ~ 150 nm, profilometry data for only one nanopillar of the SiC-Si sample are shown in Figure S2 .
Small variations of the nanopillar heights are observed, and the minimum and maximum heights are 132 and 172 nm for both the SiC-Si and Si-Si samples. These measurements were performed before and after NFRHT experiments to ensure that the nanopillars were not damaged or plastically deformed during the experiments. The measured heights are similar for all nanopillars in both the SiC-Si and Si-Si samples. In addition, the measurements are similar before and after NFRHT experiments.
A uniform force was applied on the thermoelectric (TE) heater via a calibrated 10-g-mass in order to minimize the thermal contact resistances. The applied force can cause small elastic deflections of the nanopillars and substrates. Therefore, simulations for predicting such deflections are required. Only the analysis for the SiC-Si sample is provided hereafter since the same methodology was used for the Si-Si sample.
In order to determine the minimum gap spacing between the SiC and Si substrates, the deflection of the shortest possible nanopillar is first determined. Under a force exerted by a 10-g-mass, a maximum deflection of ~ 6 nm is predicted via COMSOL simulations for a 3-µm-diameter, 132nm-tall SiO2 nanopillar (see Figure S3 ). Therefore, the minimum gap spacing is obtained by subtracting a nanopillar deflection of 6 nm from the minimum nanopillar profilometry measurement of 132 nm. is determined for the SiC-Si sample and is used for the theoretical predictions. For the Si-Si sample, the gap spacing varies from 126 nm to 206 nm (i.e., d = nm). 
Uncertainty analysis
The colored bands of theoretical predictions for the measured heat rate (see Figure S6 Fourier's law. The colored band of theoretical predictions are calculated based on the nanopillar height, sample bow and Si doping level. In all experiments, the temperature of the receiver, Tr, is kept at ~ 300 K. 12 The upper (lower) theoretical curve of heat rate and flux is calculated based on the smallest (largest) possible gap spacing, the Si doping concentration providing the largest (smallest) heat transfer, and the largest (smallest) amount of conduction calculated with the smallest (largest) nanopillar height. For example, the upper theoretical curve of heat rate for the SiC-Si sample was first determined by calculating NFRHT using the smallest possible gap spacing (126 nm) and the largest Si doping concentration (4.9 ´ 10 19 cm -3 ). Then, the maximum conduction was obtained by using Fourier's law based on the smallest possible nanopillar height (126 nm). Finally, the upper theoretical curve was generated by summing the calculated NFRHT and conduction.
The uncertainties of the experimental data come from the temperature and heat rate measurements.
The uncertainty of the temperature measurements firstly stems from the ohmmeter used to probe the resistance of the thermistors. The uncertainty induced from such device is small (less than ± 0.05 K). The details of this uncertainty can be found in Refs. 1 and 2. Additionally, the thermistors have an accuracy of ± 0.1 K according to the manufacturer. The more pronounced uncertainty associated with temperature measurements comes from the uncertainty introduced by the thermal resistance of the grease. The measured thermal resistance of the grease can be found in Refs. 2 and 3. By accounting for all of these factors, the maximum and minimum uncertainties on the temperature differences for the SiC-Si sample are respectively K and K, while the maximum and minimum uncertainties for the Si-Si sample are K and K, respectively.
The uncertainty of the heat rate measurement stems from the HFM. The HFM has an error of ± 
